ABSTRACT Patterns of feeding by Japanese beetles, Popillia japonica Newman, were studied in relation to time of day or night and to ambient temperature (T a ). We also measured beetlesÕ thoracic temperatures (T th ) at rest, during preßight warm up, and during ßight, and observed their withinplant distributions in relation to sunlight or shade to gain insight regarding whether their in-Þeld behavior involves physiological and behavioral thermoregulation. Finally, we studied startle response as affected by T a and time of morning. Japanese beetles fed most extensively within trees from midmorning until late afternoon, but also substantially in evening (1800 Ð2200 hours) and sparingly throughout the night so long as T a was Ͼ15ЊC. Beetles in the Þeld were capable of endothermy, maintaining elevated T th independent of basking. At low to moderate T a (19 Ð32ЊC), nonßying beetles in shade or direct sunlight had T th as much as 3.75 or 5.5ЊC higher, respectively, than T a . Thoracic temperature was elevated during ßight, ranging from 32 to 34ЊC when T a was 26 Ð29ЊC. The minimum T th for take-off ßight was Ϸ27ЊC. Despite their reputation as sun-loving insects, a high proportion of Japanese beetles was found in shaded microsites (i.e., shade patches, abaxial leaf surfaces), regardless of time of day. The proportion of beetles in sunlight tended to be highest in morning, although that pattern was more evident in soybeans than in linden trees. As T a warmed from dawn through late morning, the beetlesÕ response to disturbance changed from falling at T a Ͻ23ЊC, to about equal numbers falling or ßying at 25ЊC, to all ßying at Ͼ25ЊC. Implications of these Þndings for management of P. japonica are discussed.
THERMOREGULATION IN INSECTS occurs when the animal maintains, by behavioral or physiological responses, a body temperature relatively independent of environmental temperature, at least during some part of its activity cycle (May 1979 , Heinrich 1981 . Behavioral thermoregulation may involve basking or other postural responses, short-term selection of microhabitat, or changes in diel activity cycles; whereas physiological thermoregulation may result from endogenous heat production or evaporative cooling (May 1979) . Advantages of thermoregulation include enhanced metabolic efÞciency, growth, and egg incubation, as well as ability to avoid adverse temperature extremes (Heinrich 1996) . Among insects, warm-up activities are necessary to achieve ßight-readiness (Heinrich 1981) . For example, moths use wing vibrations to increase thoracic temperature (May 1979) . Beetles, however, show no visible external wing vibrations, yet recordings through electrodes implanted in thorax indicate that the muscles are vibrating (Krogh and Zeuthen 1941) . Being able to regulate thoracic temperature (T th ) independent of ambient air temperature (T a ) is advantageous for many winged insects because it enables immediate ßight if threatened, rather than having to bask before ßight (Heinrich 1993 (Heinrich , 1996 . Thermoregulation, in various forms, has been documented in several groups of plant-feeding scarabs. Heinrich and McClain (1986) , for example, showed that the African ßower scarabs Pachnoda cincta (F.) and Pachnoda sinuata (F.) (subfamily Cetoniinae) have low T th while foraging on plants, and require a warm-up period before ßying. The beetles crawl into direct sunlight at the top of a ßower and bask, on average, for 52 s before taking ßight. They thus achieve a passive increase in T th via solar heating. When temperatures reach an upper threshold, the beetles crawl under ßower petals to avoid overheating. They do not stabilize their T th during ßight, so that ßight is restricted to a narrow range of T a .
Another scarab, Cotinis texana (Horn), requires a minimum T th of 27ЊC for ßight, usually warming up to 32Ð39ЊC by basking before taking off (Chappell 1984) . Its T th ranges from 30 to 42ЊC during ßight. Nonßying beetles maintain their T th as much as 12ЊC above ambient conditions, keeping it Ͼ30ЊC. Although this high T th is energetically costly, it may allow for immediate ßight if the beetle is disturbed. In contrast, the scarab Trichostetha fascicularis (L.) does not show elevated T th during nonßight activity, but increases its T th by as much as 12ЊC over T a by preßight warm-up (Nicholson and Louw 1980) . During ßight, T th decreases 1Ð2ЊC from preßight levels, suggesting that it cannot maintain this high level, or uses the heat during ßight.
The Japanese beetle, Popillia japonica Newman, an introduced scarab, is among the most destructive pests of ornamental plants, small fruits, truck and garden crops, and turfgrasses in the eastern United States. Adult beetles feed on leaves, ßowers, or fruits of Ϸ300 species of wild and cultivated plants in 139 families (Fleming 1972) . Beetles often aggregate and feed in the upper canopy of host plants (Hawley and Metzger 1940 , Fleming 1972 , Rowe and Potter 1996 . These aggregations are caused, at least in part, by attraction to blends of plant volatiles emitted after beetles have damaged the leaves (Loughrin et al. 1995 (Loughrin et al. , 1996 . Plants in full sunlight often are damaged more heavily than ones growing in the shade (Fleming 1972, Rowe and Potter 2000) .
Most of what is known about temperature-mediated behavior of Japanese beetles is based on general Þeld observations. According to Fleming (1972) , the beetles usually rest quietly on plants early in the morning, becoming active when T a warms to Ϸ21ЊC. Flight and feeding activity tend to be greatest on clear summer days between 0900 and 1500 hours, when T a is 29 Ð 35ЊC. There is little or no ßight activity above this temperature range. The beetles usually feed from adaxial leaf surfaces, in full sunlight, but may move to leaf undersides or shaded patches of foliage on very warm (Ͼ35ЊC) days (Fleming 1972) . Little is known about their behavior or feeding activity at night.
Japanese beetles also engage in distinctive protective reactions. According to Fleming (1972) , when beetles on plants are threatened at T a Ͻ21ЊC, they draw their legs compactly to the body and drop to the ground feigning death. At warmer temperatures, disturbed beetles extend their metathoracic legs obliquely from the body and readily ßy if further provoked. During very warm periods (Ͼ29ЊC), they tend to ßy at the slightest disturbance without extending their legs.
Many of the aforementioned behaviors of P. japonica in response to light and temperature may be mediated, at least in part, by thermoregulation. The beetlesÕ typical feeding posture on sun-exposed, upper-canopy foliage is suggestive of basking; and their reported movement between adaxial and abaxial leaf surfaces and shaded or sun-exposed patches of foliage may also reßect behavioral thermoregulation. Japanese beetles have been shown to also possess some capacity for physiological thermoregulation at least in the laboratory (Oertli 1989, Oertli and Oertli 1990) . At rest, they sustained their T th below T a when the latter was Ͼ31ЊC, evidently through evaporative cooling, and they also were capable of metabolic heat production (thermogenesis) during preßight and takeoff (Oertli and Oertli 1990 ). Whether or not these phenomena occur in the Þeld under more natural conditions is unknown.
We examined patterns of feeding by Japanese beetles in relation to time of day or night and to temperature. We also measured beetlesÕ T th at rest, during preßight warm up, and during ßight, and observed their within-plant distributions in relation to sunlight or shade to gain insight regarding whether their inÞeld behavior is indicative of physiological and behavioral thermoregulation. Finally, we studied beetlesÕ startle response as affected by temperature and time of morning.
Materials and Methods
Diel Pattern of Feeding Activity. This study examined temporal feeding activity by Japanese beetles during different periods of day or night. The study site was a row of 20, Ϸ3 m tall ÔRoyaltyÕ ßowering crabapple trees, Malus sp., that had been planted in 1992 at the University of KentuckyÕs Spindletop Research Farm, near Lexington. The trees bordered a larger, 180-tree plot of the same age that contained additional Malus spp. and linden, Tilia spp., cultivars (Potter et al. 1998 ). Four and eight representative trees were chosen in 1997 and 1998, respectively, and seven similarly sized shoots were tagged on the south side of each tree. Once seasonal activity of P. japonica had begun, the marked shoots were covered with light, nylon screen mesh bags (15 by 38 cm) made from bridal veil fabric to prevent Þeld beetles from damaging the leaves. Electronic HOBO temperature recorders (Onset Computer, Pocasset, MA) were operated in one randomly chosen bag in each tree during each 24-h trial.
Separate trials were conducted on 25 July 1997, 9 July 1998, and 2 August 1998. Within each trial, Þeld-collected beetles were gathered from surrounding trees immediately before being conÞned on the bagged shoots. At 0600 hours (all times EST), shortly before dawn, 10 males and 10 females were added to the Þrst bag on each tree. At 1000 hours, these shoots were cut off below the bags and the beetles were removed. A different set of 20 freshly collected beetles was added to the second bag on each tree. This procedure was repeated every 4 h for 24 h, such that additional shoots with feeding damage accrued during the preceding 4-h interval were harvested in the afternoon and evening at 1400, 1800, and 2200 hours through the following morning at 0200 and 0600 hours.
The shoots were placed in coolers, taken to the laboratory, and examined for characteristic skeletonization by Japanese beetles. Percentage defoliation (nearest 10%) was rated, leaf by leaf, by three independent observers. Overall damage was averaged within shoots, and the percentage of total leaves that were fed upon (i.e., had Ն5% damage) also was determined.
An additional 24-h trial was run in 1997 using Ϸ1.5 m tall ÔRedmondÕ linden trees, Tilia americana L., planted in 19-liter pots. Five trees, with mesh bags already secured, were placed between rows in the aforementioned Þeld plot on 29 July, 1 d before the trial. Procedures for measurement of T a , collecting and caging beetles, and harvesting and evaluating damaged shoots were as described for the trials in crabapple trees.
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Estimates for feeding by groups of beetles conÞned during different time intervals were analyzed by twoway analysis of variance within each trial. Feeding was compared among time intervals by the least signiÞcant difference (LSD) test (Analytical Software 1996) . Percentages were arcsine square-root transformed before analysis.
Thoracic Temperatures of Beetles at Rest and During Flight. Thoracic temperatures of beetles on foliage in direct sunlight or shade (including abaxial leaf surfaces) were measured at various times throughout the day on 30 July, 3 August, and 6 August 1997, and compared with T a . All measurements were done on lindens in the aforementioned Þeld plot. Data were collected by walking around a tree, locating a beetle, recording whether it was in direct sunlight or shade, probing it to obtain T th , and recording whether it was male or female. This was done quickly so as to obtain readings from as many beetles as possible (generally 20 Ð30 within 15 min for each sample period). Thoracic temperatures were measured with a 0.03-mm copper constantien thermocouple contained within a 33-gauge needle (Omega, Stamford, CT) inserted through the scutellum. Latex examination gloves (NDex, Menlo, GA) were worn to reduce heat transfer to the beetle. Different beetles were used for each reading.
On 30 July, readings were obtained hourly from early morning to mid-afternoon (0600 to 1400 hours) and at 1700 and 2100 hours. On 3 August, T th s were measured hourly from 0600 to 0900 and at 1300, 1400, 1900, 2000, and 2100 hours. On 6 August, T th s were taken at 0800, 0900, 1000, 1400, and 1500 hours. Sample sizes on the latter three dates ranged from 20 to 42 beetles per time. For most sample periods, similar numbers of beetles were probed from sun-exposed or shaded foliage. However, during early morning (0600 Ð 0800 hours) or evening (2000 Ð2100 hours), most or all beetles were in the shade. Ambient air temperature was measured with the thermocouple at the beginning of each sample interval by standing in an open area within the tree plot, but using the observerÕs body to shield the thermocouple from direct sunlight.
Thoracic temperatures of ßying beetles were measured between 1300 and 1600 hours on four dates (11, 15, 18, and 19 August 1997) . The top of a Japanese beetle trap (Tré cé , Salinas, CA) baited with ßoral lure (2-phenyl-ethyl propionate, eugenol, and geraniol; 1:2:1) was hung from a stand at 1.5 m height, at least 20 m from the nearest host plant, so that beetles would have to ßy some distance to the trap. Beetles that either alighted on the trap or were caught from the air before landing were immediately probed with the thermocouple as described earlier to measure their T th . Ambient air temperature also was measured as before. Measurements were obtained from 24, 10, 10, and 5 beetles, respectively, on each of the aforementioned dates.
Warm-Up to Flying Temperature. Field-collected beetles were brought to the laboratory, and separated by sex. Individual females were cooled for 10 min at 15ЊC. The beetle was then pierced through the scutellum with the tip of the aforementioned thermocouple, and immediately placed on a table either at room temperature (28.8ЊC) or under a heat lamp, where the temperature ranged from 32 to 34ЊC. The thermocouple was left in place and the Þne wire was held so as not to interfere with the beetleÕs ability to raise its elytra, extend its hindwings, or ßy. Thoracic temperatures were recorded at the start, after 30 s, 1 min, and every minute thereafter, until the beetle ßew or 10 min had elapsed. Recordings were obtained for 10 beetles under each regime.
Behavioral Preference for Sunlight or Shade. The hypothesis that Japanese beetles engage in behavioral thermoregulation by moving into sunlight or shade was studied in Þve linden trees within the aforementioned Þeld plot. Observations were made on eight clear days (2, 4 Ð7, and 11Ð13 August 1998). Because beetles were less abundant at the study site than in the preceding year, we used ßoral lures to attract additional beetles to the trees. Two lures, as described earlier, were hung at 1Ð1.5 m height in each tree. One lure was placed in a sunny location, and the other in a shaded portion of the canopy. The intent was to standardize the olfactory cues from each habitat, so that lure location would not override beetlesÕ behavioral preference for sun or shade. There were four counting periods: mid-morning (0800 Ð 0900 hours), late morning (1000 Ð1100 hours), early afternoon (1300 Ð1400 hours), and late afternoon (1700 Ð1800 hours). At the beginning of each interval, positions of beetles in sun or shade (including abaxial surfaces) were noted for a radius of Ϸ0.5 m around each lure. Beetles were considered to be sun-exposed if they could cast a shadow. Beetles were considered in the shade if they were on abaxial leaf surfaces, or within shaded portions of the plant canopy. A total of 147Ð 406 observations was made per day. No beetle was counted more than once in a particular interval. Ambient air temperature was recorded with electronic data loggers as before.
Additional observations were obtained for beetles feeding along one perimeter row of a Þeld of ÔCalhounÕ soybeans, Glycine max (L.), also at Spindletop Farm, in 1998. Populations were relatively high at this site, so lures were not used. Because the soybean plants are relatively small, proportions of the canopy exposed to sunlight or shade should be relatively consistent through much of the day. Soybeans were inspected on 2, 4, 5, 6, and 7 August, all clear days, within the same four time intervals as for the 1998 linden surveys. Numbers of beetles observed in sunlight or shade were noted as before. Counts ranged from 162 to 319 beetles per day.
Data were analyzed separately for lindens and soybeans. Proportions of beetles in sun or shade were averaged within time intervals, using days as replicates. We hypothesized that as temperatures increased through the day, the beetles would tend to move from direct sunlight into shaded resting or feeding sites. Data within each time interval were analyzed by the nonparametric Wilcoxon signed rank test (Hol-lander and Wolfe 1973) to compare mean percentages of beetles in sunlight versus shade.
Protective Reactions by Falling or Flying. Effect of time and T a on beetlesÕ response to disturbance was studied on the mornings of 30 July 1997, and on 12 July and 18 July 1999. Linden trees in the aforementioned Þeld plot were systematically inspected for beetles resting or feeding on the leaves at Ϸ1Ð2 m height. No distinction was made between beetles in sunlight or shade. Individual beetles were disturbed by touching the tip of their pygidium with a 30 cm long camelÕs-hair brush, which caused them either to fall or ßy. Beetles were scored as having fallen if they dropped and hit the ground. Beetles scored as ßying either took ßight from the leaf surface, or initially dropped but gained ßight before hitting the ground. On each date, the response, either to fall or ßy, was recorded for 50 beetles during a 10-min period at the beginning of each hour, starting before sunrise (0600 hours) and continuing until 1200 hours. Weather conditions varied from partly cloudy at dawn to mostly sunny in late morning, with light winds (Ͻ16 km/h). Ambient air temperature was measured by hanging electronic data loggers within the same trees as before.
Results
Daily Feeding and Activity Patterns. Feeding tended to be greatest between 1000 and 2200 hours, corresponding to the warmest part of the day (Fig. 1) . As T a increased from morning until mid-afternoon (1400 hours), amounts of feeding also increased. No- tably, beetles continued to actively feed in the evening (1800 to 2200 hours), and in every trial there was some feeding after dark. The only interval in which beetles did not feed was in early morning (0200 to 0600 hours) on 30 July, when T a dropped below 15ЊC (Fig. 1B) .
Thermoregulation at rest and in Flight. On 30 July, a day with maximum T a of Ϸ28ЊC, T th s of beetles in the sun were 2.4 Ð5.4ЊC higher than T a , whereas beetles in the shade had T th s 0.1Ð3.75ЊC above T a (Fig. 2A) . On 3 August, a relatively warmer day with maximum T a Ϸ32ЊC, T th s were 0.1Ð2.3ЊC higher than T a for beetles in shade, and 3.1Ð 4.1ЊC higher for beetles in sun (Fig.  2B) . On 6 August, another relatively cool day, beetles in both sun and shade again maintained T th s well above T a (Fig. 2C) . Thoracic temperatures of male and female beetles did not differ signiÞcantly (F ϭ 0.004; df ϭ 1, 281; P ϭ 0.9 for 30 July). Beetles probed with the thermocouple immediately after ßight were found to have T th s 4Ð8ЊC higher than T a (Table 1) .
Warm-Up to Flying Temperature. Most chilled beetles ßew within 3 min after being transferred from T a of 15ЊC to room temperature of 28.8ЊC (Fig. 3A) or within 1Ð2 min when warmed at 32ЊC under the heat lamp (Fig. 3B) . Seven of the 10 beetles warmed at room temperature ßew; ßight occurred when their T th was between 26.7 and 28.6ЊC. Nine of the 10 beetles warmed under the heat lamp ßew at T th s between 29.8 and 34.2ЊC.
Behavioral Preference for Sun or Shade. Over the eight census dates on lindens, there was no difference between relative proportions of beetles observed in shade or full sunlight in mid-morning (0800 Ð 0900 hours), but signiÞcantly more beetles were observed in the shade than in full sunlight during the late morning, early afternoon, and late afternoon (Wilcoxon signed rank tests, P Ͻ 0.05; Fig. 4A ). On soybean plants, beetles showed a strong shift from sun-exposed positions during mid-morning to mainly shaded ones in afternoon (Fig. 4B) .
Startle Response. As T a warmed from dawn through late morning, the beetlesÕ response to being disturbed with a brush went from all falling at T a Ͻ 25ЊC, to about equal numbers falling or ßying at 25ЊC, to nearly all ßying at Ͼ25ЊC (Fig. 5) . On the Þrst two dates, none of the disturbed beetles ßew until 1000 hours, but on 18 July 1999, the warmest morning, some beetles ßew at 0900 hours. During the transition intervals, some of the disturbed beetles attempted to ßy but hit the ground before they could level off. Even at 1200 hours, a few beetles continued to fall, rather than ßy, upon disturbance.
Discussion
Our measurements of defoliation by P. japonica during different periods of day or night corroborate general Þeld observations (Hawley and Metzger 1940, Fleming 1972 ) that beetles feed most heavily on clear summer days between 0900 and 1500 hours when T a is 29 Ð35ЊC. According to Fleming (1972) , feeding slackens in late afternoon and is minimal at T a Ͻ 21ЊC. We found, however, that substantial feeding continued into early evening (1800 Ð2200 hours). In fact, on two of the 4 d, there was as much feeding between 1800 and 2200 as during either of the preceding two 4-h intervals. Many beetles were observed resting on foliage during night and in early morning. Our results show that Japanese beetles will feed nocturnally, al- beit sparingly, at overnight temperatures that occur during their seasonal activity period in Kentucky.
The current study explored the hypothesis that thermoregulation plays a role in determining observed feeding patterns of Japanese beetles within host plants. Thermoregulation, whether endogenous or behavioral, offers several potential advantages for adult, folivorous insects. These include increased rates of digestion and assimilation of nutrient-poor leaves with accelerated egg development in the ovaries, avoidance of adverse temperature extremes, and enhanced ßight readiness over a range of T a (May 1979 , Mattson and Scriber 1987 , Heinrich 1996 . Short-term selection of thermally favored microclimates, e.g., sunny or shaded foliage, likely is the most common mechanism of thermoregulation by insects (May 1979) . Forest tent caterpillars, Malacosoma disstria Hü bner, for example, seek sunlit leaves or twigs at low T a , but retreat to shaded areas when overheated (Sullivan and Wellington 1953) . Certain locusts ascend to the tops of plants near dawn, bask in early sunlight, and then descend to low vegetation later in the day (May 1979) . Similarly, two species of cetoniine ßower scarabs, Pacnoda spp., move between sun-exposed tops of ßowers, or the shaded undersides of blossoms, depending on T a (Heinrich and McClain 1986) .
Despite the pattern that sun-exposed plants often are more heavily fed upon by Japanese beetles than are shaded plants (Hawley and Metzger 1940 , Fleming 1972 , Rowe and Potter 2000 , and that upper-canopy, sun-exposed leaves sustain more damage than do shaded, lower leaves (Rowe and Potter 1996) , we found many Japanese beetles resting or feeding in shaded microsites (i.e., temporary shade patches, abaxial leaf surfaces), regardless of time of day. Positions of beetles may reßect a compromise between basking, with its associated assimilative advantages and increased ßight readiness, and avoidance of overheating. Caution should be exercised in attributing shifts in the proportion of beetles occupying sunny or shaded sites to behavioral thermoregulation because the relative availability of such sites varies with canopy architecture, and as orientation of the host plant relative to the sun changes throughout the day. It is interesting, nonetheless, that the proportion of beetles observed resting or feeding in sunlight tended to be highest in morning, especially in soybeans. It is possible that because of the soybean plantsÕ relatively small size, most of the adaxial leaf surfaces would be exposed to direct sunlight by mid-morning as opposed to larger linden trees for which portions of the canopy would remain shaded regardless of time of day. Oertli and Oertli (1990) demonstrated in laboratory studies that P. japonica is able to maintain T th different from the temperature of their environment: lower than T a at T a Ͼ 31ЊC, and higher than T a at T a Ͻ 31ЊC. Substantial loss of water through passive evaporative cooling was necessary to maintain the former temperature differential. Indeed, at T a of 40ЊC and Ϸ50% RH, nonfeeding Japanese beetles lost 70% of their body weight within 9 h. In contrast, beetles conÞned in 100% RH displayed T th equal to T a , and no comparable (Oertli and Oertli 1990) . They suggested that water obtained from plant food is used to replenish that lost due to evaporative cooling. Our measurements, taken on days when T a was Յ32ЊC, indicate that T th s of beetles resting or feeding in linden trees were generally as high as, and usually higher than, T a . Passive solar heating probably accounts for some of the differential for beetles in sunlight, but the fact that beetles in shade also maintained elevated T th suggests that metabolic heat also was involved. Endothermy occurs in numerous beetles (Krogh and Zeuthen 1941, Heinrich 1993 ). Some larger plant-feeding scarabs engage in warm-up immediately before ßight, presumably by shivering thermogenesis or isometric contraction of ßight muscles (e.g., Nicholson and Louw 1980 , Chappell 1984 , Heinrich and McClain 1986 . Oertli (1989) , however, found that Japanese beetles in the laboratory maintained elevated T th even while at rest. Precise mechanisms are unclear because shivering was not observed.
In laboratory tests at 32ЊC, the average T th of Japanese beetles just before take-off was Ϸ36.8ЊC and did not change during brief (2-s) ßights (Oertli 1989 ). T th s just before ßight were somewhat lower (27Ð34ЊC) for our beetles that had been chilled and then warmed at 28.8 or 32ЊC in the laboratory. It is likely that in our test, beetles ßew sooner when warmed under the heat lamp than at room temperature both because they warmed up faster and because there was greater light intensity to stimulate them to ßy. Indeed, light intensity plays an interactive role with temperature in many Response of Japanese beetles, either to fall to the ground or ßy, when disturbed with a camelÕs-hair brush at various times from early morning until 1200 hours on three dates: 30 July 1997, 12 July 1999, and 18 July 1999 (upper to lower graphs, respectively). Fifty beetles were individually disturbed within linden trees at the beginning of each period. Ambient air temperatures in the tree canopies also are shown.
of the beetleÕs activities in the Þeld (Fleming 1972) . Most of our Þeld observations were done on warm, clear days.
We found that T th s of beetles immediately after completing sustained ßights in the Þeld were 4 Ð 8ЊC higher than T a . However, given the narrow range of T a under which the test was conducted, and the unknown ßight duration of sampled beetles, the extent to which P. japonica can regulate T th during ßight over a wider range of ambient temperatures is uncertain. The maximum tolerable T th for ßight of P. japonica also is unknown; although two larger plant-feeding scarabs, P. sinuata and C. texana, became incapacitated in ßight at T th s Ϸ42 and 44ЊC, respectively (Chappell 1984, Heinrich and McClain 1986) . During very warm periods (e.g., T a Ͼ 35ЊC), Japanese beetles often seek shade or burrow into the ground, and little ßight occurs (Hawley and Metzger 1940; unpublished observations) .
Beetles must accelerate and equilibrate when becoming airborne, so their energy requirements should be greater at take-off than during sustained ßight (Oertli 1989) . Rates of oxygen consumption by P. japonica were higher during take-off than during regular ßight (Oertli and Oertli 1990) . Because of these energy demands, it follows that take-off ßight should be more limiting than normal ßight. This is probably why, in the "startle response" study, beetles were unable to take ßight until late morning when T a had reached Ϸ25ЊC and T th s had reached the minimum threshold for ßight (Figs. 2 and 3) . Beetles that were induced to ßy in morning when T a was Ϸ25ЊC were noticeably more sluggish and less maneuverable than during warmer periods. Possibly, P. japonicaÕs tendency to maintain T th higher than the minimum necessary for take-off allows for increased ßight performance, especially soon after take-off. Wing beat frequency during ßight also is strongly positively correlated with T th (Oertli 1989) .
Given the energetic costs of maintaining an elevated T th , it is worthwhile to speculate on possible ecological advantages of this phenomenon. Japanese beetle adults are readily fed upon by various insectivorous birds and predatory arthropods (Fleming 1968) . The beetlesÕ initial response to threats of predation is to extend the metathoracic legs obliquely from the body. Fleming (1972) noted that beetles for several meters down a row of foliage often also display this response, suggesting that the alarm stimulus is conveyed from beetle to beetle. Alerted beetles, upon further provocation, immediately ßy or drop to the ground. One advantage of endogenous thermoregulation, or of feeding or basking on upper canopy or sun-exposed leaves, may be to allow the beetles to be capable of immediate ßight if threatened. From a practical standpoint, the Japanese beetleÕs inability to take off at low T a or T th forms the basis for a long-standing management recommendation, which is to place a sheet under infested plants, jar or shake the beetles from the foliage, and then collect and dispose of them after they have fallen (Ladd 1976 ).
